Garlic plants (Allium sativum) are naturally infected by a complex of viruses in the genera Potyvirus, Carlavirus, and Allexivirus. The yield of virus-free garlic plants (noninoculated control) was compared with that of plants infected with an Argentinean isolate of Leek yellow stripe virus (LYSV; L treatment) and garlic plants infected with the virus complex (VC). Evaluations were conducted in the field and in anti-aphid cages during two crop cycles after planting three sizes of cloves (categories). The percent plant emergence in the noninoculated control and in the L treatments (between 80 and 100%) did not differ statistically, but the percent emergence for these two treatments was double that for the VC treatment (25 to 62%). Plant height and leaf number in the L treatment were lower than in the noninoculated control during the first evaluation (year 1), but they did not differ during the second evaluation (year 2). However, both treatments produced taller plants with more leaves than those of VC in both years. The L treatment decreased bulb weight up to 28% and perimeter up to 9% when compared with those in the noninoculated control maintained in the anti-aphid cages until the end of the experiment. However, differences between these treatments were higher in the field experiments where plants were exposed to infection by other viruses (up to 36% in bulb weight and 13% in perimeter). Bulbs of the VC-infected plant treatment were reduced up to 74% in weight and 37% in perimeter. In field evaluations, a high percentage of plants were infected with Onion yellow dwarf virus (58 to 100%), whereas fewer were infected with LYSV (15 to 68%). Garlic virus A infection was high in plants previously infected with LYSV (96 and 97%), but lower in the noninoculated control (12 and 68%) . These results show the high impact of the virus complex on garlic yield and the effect of LYSV as a component of the garlic virus complex.
tute for Plant Protection, Wageningen, The Netherlands; GCLV and GarV-D by D. E. Lesemann, H. J. Vetten, and E. Barg, BBA from Braunschweig, Germany; and GarV-C by S. Sumi from the Institute for Biotechnology Research, Wakunaga Pharmaceutical. Plants with questionable test results for potyviruses were analyzed by immunocapture reverse transcription-polymerase chain reaction (IC-RT-PCR) for OYDV and LYSV as described in Lunello et al. (29) .
Plant material. Garlic cultivar Blanco-IFFIVE, a white garlic type with a crop cycle of 210 to 230 days, was obtained from the Institute of Phytopathology and Plant Physiology of the National Agricultural Technology Institute (IFFIVE-INTA), Cordoba, Argentina. It is widely grown in the most important garlic production regions in Argentina.
Four different disease conditions or treatments were used: (i) Virus-free garlic plants (noninoculated control). These plants were obtained as described by Conci and Nome (19) and tested as mentioned above. The virological analyses were repeated just before the plants were used. (ii) Virus-free garlic plants inoculated with the LYSV-Arg. These plants were produced by mechanical inoculation and kept in antiaphid cages (L treatment). Each plant was tested by ISEM-D to confirm the presence of the LYSV isolate before starting the experiments. (iii) Garlic plants were naturally infected with the garlic viral complex 4 years before starting the evaluations (VC 1). (iv) Garlic plants were naturally infected with the garlic viral complex 6 years before starting the evaluations (VC 2). To obtain VC 1 and 2, virus-free garlic plants were planted in the field next to infected garlic plants with the viral complex for 4 or 6 years, respectively, before starting the experiments. Plants used for the VC 1 and VC 2 treatments tested positive to OYDV, LYSV, and GarV-A antisera by DAS-ELISA; and GCLV and GarV-C antisera by ISEM-D.
One year before starting the evaluations, plants in the four treatments were planted in the same field under identical conditions, in individual anti-aphid cages for each treatment, in order to multiply the material and provide similar physiological conditions for the four treatments before starting the comparative yield evaluations. In the anti-aphid cages, separate cloves were planted every 10 cm in rows 30 cm apart. The disease condition of each treatment was tested again by DAS-ELISA and ISEM-D.
Experimental design. Two simultaneous experiments were conducted in the research field of IFFIVE-INTA in Córdoba, Argentina. One was conducted in the field, the other in anti-aphid cages. The experiments were repeated in the second year.
The size of cloves planted for each treatment was standardized using two sieves with openings of 1. Field experiments. The treatments were carried out as completely randomized split plots with eight replications for each year. Each plot was divided into three subplots, which were planted with 10 cloves of each category of clove size (large, medium, and small). The three subplots were planted at random within each plot. The experiment for each year contained 32 plots and 96 subplots, giving a total of 960 plants. The cloves were planted in furrows 60 cm apart at 15-cm intervals.
Percent plant emergence was evaluated 15 days after planting, and plant height and leaf number were recorded 30 days after planting. Plants in the noninoculated control and L treatment were tested for virus using a DAS-ELISA with antisera for LYSV, OYDV, and GarV-A 30 days before harvest to determine the amount of new infection ("de novo" infection). Bulb weight and perimeter were measured 30 days after harvest. The perimeter of each harvested bulb was measured by using a thread around the greatest diameter of this bulb, and then the length of the thread was measured.
Anti-aphid cage experiments. The experiment was conducted as randomized split-plot designs with four replicates for each treatment. Each plot consisted of a separate anti-aphid cage containing 30 plants, 10 for each of the three clove sizes (categories). Subplots containing different clove sizes were distributed randomly within each cage. Sixteen cages (1.5 × 1 × 1 m) were used. The cloves were planted in three furrows 30 cm apart with 10 cm between cloves. A total of 480 cloves were planted. Weight and perimeter of the bulbs were measured 30 days after harvest. Viral sanitary conditions (L treatment, noninoculated control, and VC) were maintained for the different treatments until the end of the crop cycle and confirmed by DAS-ELISA throughout the crop cycle.
Cloves produced in anti-aphid cages the year before served as the planting material for the next year of treatments. Plants were fertilized conventionally with two applications of ammonium sulfate (100 kg/ha in each application).
Treatments effects were tested by analysis of variance according to a split-plot design. A posteriori comparisons between treatment means were carried out by a pairwise comparison method proposed by Di Rienzo et al. (21) . We chose this method instead of Fisher-LSD or Duncan's multiple range tests, because it avoids the occurrences of overlapping groups of treatment means. The differences in yield among categories of clove sizes planted were evaluated as well as their interaction with the main treatments. Each year was analyzed separately. The level of significance was set at 5%. Statistical analysis was carried out with InfoStat statistical software (Version 2003, Grupo InfoStat, Facultad Ciencias Agropecuarias, Universidad Nacional de Córdoba, Argentina).
RESULTS
Field experiments. Significant variation among treatments occurred with plant emergence (P < 0.0001). Plant emergence in the noninoculated control and L treatments did not differ significantly during the 2 years of the experiment, ranging from 80 to 100% in both treatments. The differences in emergence were significant between these treatments (noninoculated control and L) and VC 1 and VC 2, where emergence ranged from 25 to 62% (Table  1) . No significant differences were observed among categories for noninoculated control and L treatments. Decreases in the percentage of emerged plants according to clove size planted (categories 1 to 3) in VC 2 treatments were detected (Table 1 ).
Significant differences among treatments were detected in plant height and number of leaves in the 2 years of evaluations (P < 0.0001). In year 1, plant height and number of leaves differed significantly among the noninoculated control, L, and both VC treatments (VC 1 and VC 2) (P < 0.0001). In year 2, no significant differences were detected between noninoculated control and L treatment, but significant differences were recorded between these treatments (noninoculated control and L) and both VC treatments (P < 0.0001). No differences were found between VC 1 and VC 2 during both years of experiments (Table 1) . Plant height and number of leaves were related to categories of clove size planted (P < 0.0312); in most treatments, the bigger cloves planted yielded taller plants with more leaves (Table 1).
In the noninoculated control, infection by Potyvirus, OYDV, and LYSV was higher than 68% in year 1. In year 2, 15% of the plants were infected with LYSV and 63% with OYDV in the noninoculated control. OYDV infected 99% of the plants in the L treatment during year 1 and 58% during year 2. Nearly all plants in the L treatment were infected by GarV-A (97 and 96%), while the percentage was lower in the noninoculated control (12 and 68%) during both years of treatments (Table 2 ).
Significant differences among treatments were detected in bulb weight and perimeter in the 2 years of evaluations (P < 0.0001). In year 1, bulb weight of the noninoculated control was significantly higher than in the L treatment (P < 0.0001); bulb weight decreased by 19, 23, and 36% for categories 1, 2, and 3, respectively. In year 2, bulb weight was not significantly lower in the L treatment than in the noninoculated control; only in category 1 (14%) (P < 0.0001) was it significantly lower. VC 1 and VC 2 treatments produced lighter bulbs than did the noninoculated control and L treatment. Bulb weights in the VC treatments were 38 to 65% lower than those in the noninoculated control. Statistically significant differences between VC 1 and VC 2 were detected in year 2 (Table 3) .
Bulb perimeters significantly differed between noninoculated control and L treatment in year 1, and were not significantly different in year 2. Bulb perimeter decreased 4, 5, and 13% for categories 1, 2, and 3, respectively, in year 1, in the L treatment compared with the noninoculated control. The perimeter also decreased significantly in VC 1 and VC 2 treatments in relation to the noninoculated control and L treatment. The decreases in VC with respect to the noninoculated control ranged from 10 to 34% (Table 3 ). Significant difference in bulb perimeter was detected between VC 1 and VC 2 in year 2.
When differences among clove size planted (categories) within each treatment were evaluated, losses in weight and perimeter of bulbs harvested gradually decreased in most cases with the size of the clove planted (from 1 to 3), although the difference was significant in some of them (P < 0.0017) ( Table 3) .
Anti-aphid cage experiments. Significant differences among treatments were detected in plant weight and perimeter in the evaluations (P < 0.0001). In bulb weight and perimeter, significant differences were detected between noninoculated control and L treatment in year 2, up to 28% in bulb weight and 9% in perimeter (Table 4) .
Bulbs corresponding to noninoculated control and L treatment were heavier and wider than the ones corresponding to the VC 1 and VC 2 treatments, which had losses from 42 to 69% in weight and 12 to 37% in perimeter, in relation to noninoculated control. Significant differences in weight and perimeter between VC 1 and VC 2 were detected in year 2 of evaluation (Table 4) .
Among the categories of clove size planted, weight and perimeter of bulbs harvested decreased from 1 to 3 (P < 0.0269); these decreases were statistically significant in some of the virus-infected treatments (L and VC treatments). No significant differences were observed among categories in virus-free plants (noninoculated control) ( Table 4) .
DISCUSSION
This is the first report of the effects of LYSV, independent of the virus complex, on garlic yield when the isolated virus was transmitted to virus-free garlic plants. In these evaluations, LYSV was analyzed in anti-aphid cages, where plants were infected with the same virus, without any additional viruses, until the end of the crop cycle. The treatment was also evaluated in a field where the plants were initially infected by the LYSV isolate and later exposed to natural virus contamination (de novo infection or new infection) during the crop cycle.
LYSV alone apparently had little effect on the plant. No decrease was detected in plant emergence in the L treatment in relation to the noninoculated control. Leaf number and plant height in the L treatment were significantly lower than in the noninoculated control in the first year, but no differences were found in year 2. When the viral condition of the plants from each treatment in the anti-aphid cages was maintained until the end of the experiment, significant differences were detected in weight and perimeter of bulbs harvested between the noninoculated control and L treatment in year 1 (up to 28% in weight and 9% in perimeter). However, differences between these treatments were higher in the field experiments where plants were exposed to the infection with other viruses. Significant decreases ranged from 36% in bulb weight and 13% in perimeter. This could be attributed to the fact that plants in the field (not in cages) can achieve their highest yield potential, and thus differences between noninoculated control plants and L treatment are detectable. However, because plants in all treatments were infected with viruses in field experiments, the increased differences in yield also could be due to the interaction of LYSV with another virus. In Denmark, leek yellow stripe disease caused by LYSV was aggravated by an additional infection by Shallot latent virus (Carlavirus) (33) . We observed that a high percentage of the plants from the L treatment were also infected with Allexivirus (GarV-A), which could indicate synergistic or additive effects between LYSV and Allexivirus. This assumption is supported in our experi- ments by the differences in yield detected in the field experiment between the noninoculated control and the L treatment where a high percentage of plants were infected with GarV-A (Tables 1 and 2 ). Viral infections with two or more viruses are common and have been reported often in plants. In some cases, these infections cause an increase in the accumulation of one or more viruses and in the differential expression of symptoms (26, 34, 44) . In potyvirus-associated synergistic diseases, host symptoms were much worse in plants infected with two viruses compared with those infected with one. This exacerbation of symptoms was correlated with increased accumulation of the nonpotyvirus, while the level of the potyvirus remained unchanged (34, 44) . Some potyviruses, however, have been reported to enhance the titer of a luteovirus (2,3) or potexvirus (34, 44) , which can also act synergistically (35, 45) . The difference in the percentage of GarV-A infection in noninoculated control in relation to the percentage infected with LYSV, a potyvirus (L treatment), could be due to the interaction of GarV-A with LYSV. The interaction between Potyvirus and Allexivirus has not been studied so far, but it warrants further investigation. In the first year of field evaluation, the noninoculated control was statistically superior in weight and perimeter to the L treatment in all categories studied, but in the second year no difference was detected. Surprisingly, the noninoculated control had 12% new GarV-A infection during the first year compared with 68% during the second year (Tables 2 and 3 ). This change in the level of GarV-A infection suggests that the reduction of differences in weight and perimeter of cloves between noninoculated control and L treatment is due to the increase of GarV-A infection. Recently, studies of GarV-A (7) showing that this virus is responsible for important decreases in the garlic yield support this hypothesis.
The loss in bulb weight in the L treatment in both the anti-aphid cages (18% in average of three categories) and the field (26% in average of three categories) is similar to the one observed by Lot et al. (27) , who found a decrease of 17% in cv.
Messidrome and 26% in cv. Germidour. However, they found a loss of 54% in cv. Printanor, perhaps due to contamination with GCLV, which they reported for the LYSV treatment. This difference in percent damage could also be explained by a difference in the virulence of the LYSV isolate or in the susceptibility of the garlic cultivar. Studies on different LYSV isolates suggest the existence of intraspecific variability (30, 43) , as occurs for other viral species with an RNA genome. Thus, different LYSV isolates or strains may cause different effects on yield.
For all the variables analyzed in this work-emergence of seedlings, height, leaf number of plants, weight and perimeter of bulbs-the noninoculated control produced higher means than those for plants infected with the viral complex (VC 1 and VC 2). Emergence tested 30 days after planting for the noninoculated control was double that for the VC treatments. Emergence was early and uniform in the noninoculated control treatment compared with the VC treatments (VC 1 and VC 2) with high infection of viruses. The early and uniform emergence of the plants in noninoculated control resulted in higher growth rates (because the plants start growing earlier) and allowed better handling of the crop and thus higher yields. Yield decreased in the VC treatments (VC 1 and VC 2) up to 74% for bulb weight and 37% for perimeter, similar to the results obtained by other authors (8, 15, 27, 46) . There were no significant differences in plant emergence, height, or leaf number between the VC 1 and VC 2 treatments during the 2 years of the study (4 and 6 years of infection in the first year, and 5 and 7 years of infection in the second year). In the second year of field and antiaphid cage evaluations, bulb weight and perimeter in the VC 1 treatment were higher than in the VC 2 treatment as in our previous results (16) , in which bulb weight and perimeter progressively declined throughout the successive crop cycles in field conditions conducive to infection. A marked decrease was found up to the third crop year, and then yield remained constant.
Comparing variables for yield by planting different sizes of cloves enabled us to observe differences in yields; larger cloves gave the highest yield, and yields progressively decreased in most of the cases as the clove size decreased. Heavier cloves are known to yield greater leaf area, which closely correlates with larger bulbs at harvest (M. Guiñazú, personal communication). Nevertheless, we did not detect statistically significant differences in yield with respect to the clove sizes planted (categories) in the noninoculated control in anti-aphid cages when there was no viral contamination. This could be due to the high conversion rate (relationship between size of cloves planted and size of bulbs harvested; M. Guiñazú, personal communication) in virus-free garlic plants (noninoculated control), which resulted in yields from small cloves equivalent to yields from large cloves. This is another important advantage of using virus-free garlic plants.
The results of these experiments demonstrated the importance of viruses in garlic production and emphasizes the need to control them. In this study, it was observed that LYSV alone does not produce great damage to yield, but in combination with other viruses, the effect was increased. The common situation in nature is garlic infection with a mixture of viruses, and they are responsible for great loss in the weight and perimeter of bulbs.
